Pain is fundamentally unpleasant, a feature that protects the organism by promoting motivation and learning. Relief of aversive states, including pain, is rewarding. The aversiveness of pain, as well as the reward from relief of pain, is encoded by brain reward/motivational mesocorticolimbic circuitry. In this Review, we describe current knowledge of the impact of acute and chronic pain on reward/motivation circuits gained from preclinical models and from human neuroimaging. We highlight emerging clinical evidence suggesting that anatomical and functional changes in these circuits contribute to the transition from acute to chronic pain. We propose that assessing activity in these conserved circuits can offer new outcome measures for preclinical evaluation of analgesic efficacy to improve translation and speed drug discovery. We further suggest that targeting reward/motivation circuits may provide a path for normalizing the consequences of chronic pain to the brain, surpassing symptomatic management to promote recovery from chronic pain. 
r e v i e w
Pain is a subjective individual experience composed of sensory, affective and cognitive dimensions. The sensory characteristics of pain, including the stimulus intensity, location, source (for example, deep organs or superficial structures) and quality (for example, burning, stabbing), are tightly linked to activation of nociceptors, nerves that signal mechanical, thermal or chemical insult 1, 2 . The resulting pain experience, however, is affected by contextual and cognitive factors 3 . Nociceptive activation does not always produce pain, and conversely, pain can occur without an identifiable nociceptive input 4 . The aversiveness of pain (that is, its affective dimension) is important for survival by promoting withdrawal from tissue-damaging stimuli and by inhibiting actions that could further harm injured areas. Of critical importance for the organism is that pain aversiveness facilitates learning that affects future decisions in selecting actions that will prevent potential injury 5 . Congruent neural circuits that mediate unpleasantness and associated motivated behaviors and promote learning are therefore integral to the pain experience across species. In some individuals, for unknown reasons, pain that occurs following an acute injury persists beyond the natural healing process and no longer serves a protective role 6, 7 .
Chronic pain can occur without an obvious, or identifiable, pathophysiology (as it does, for example, in fibromyalgia or irritable bowel syndrome) 8 . Despite the high prevalence of chronic pain in our population 9 , little is known about the mechanisms that underlie the transition from acute to chronic pain. Risk factors contributing to chronification include genetic predisposition, age, gender, previous pain experience and attitudes toward pain 10, 11 . Cellular adaptations (for example, priming and sensitization mechanisms) of the nervous system can amplify nociceptive signaling and likely contribute to pain chronicity 12 . Mechanisms of amplification have been primarily characterized in peripheral nociceptors and in the spinal cord 12 but increasingly are being studied in the brain 13 . Notably, chronic pain conditions are often accompanied by comorbid affective, emotional and cognitive disorders (for example, anxiety, depression, sleep disturbance, cognitive deficits 14 ) . Consistent with these observations, recent evidence from neuroimaging in patients demonstrates adaptations in reward/motivational circuits that may strengthen emotional and affective pain mechanisms 13, 15 . Whether the brain changes observed in chronic pain patients represent an underlying intrinsic vulnerability for the transition to chronic pain or whether these alterations occur in response to sustained pain is not yet clear 11 . However, dysfunctional or maladaptive changes in aversive/motivational circuits likely contribute to the challenges of treatment of chronic pain.
Relief of acute persistent pain can be achieved clinically by pharmacological modulation of nociceptive input. Increased understanding of sensory neurobiology has been a primary focus of preclinical pain research and has resulted in promising approaches for new therapeutics (for example, anti-nerve growth factor and anti-calcitonin gene related peptide (CGRP) strategies, sodium channel subtype blockers [16] [17] [18] ). Sustained blockade of sensory features of pain for control of chronic pain may not be desirable or clinically feasible. The aversive aspects of pain are bothersome to patients, and many clinically used drugs act, in part, by modulation of pain aversiveness. Recent studies have begun to explore the circuits that underlie the affective and motivational features of pain in nonverbal animals. Consistent with the imperative need of the organism to maintain homeostasis, pain can be considered a primordial, homeostatic emotion, analogous to hunger, thirst, desire to sleep, thermoregulation and maintenance of visceral functions 19 . Homeostatic mechanisms involve receptors that detect internal imbalance (that is, sensation) and an aversive emotion that demands a behavioral response (that is, motivation) to ensure the organism will take proper action to restore homeostasis 20 . Thus, pain produces strong motivational drive to promote escape or, in the case of chronic pain, to seek relief. The impact of chronic pain on reward/motivational circuits is relatively r e v i e w unknown. Evaluation of pain-motivated behaviors may provide a path for assessment of efficacy of new therapies for chronic pain with a high likelihood of translational relevance. Targeting aversive/motivational mechanisms may offer new opportunities for treatment of chronic pain or for preventing its occurrence.
Pain, relief and motivation
The evolutionary role of negative (pain) and positive (relief) affective states is to elicit motivations, respectively resulting in escape/ avoidance and approach behaviors and to allow learning of how to predict dangerous or rewarding situations in the future 21 . Organisms often experience many competing or conflicting motivations simultaneously, but only one behavioral response can be selected 5 . During vertebrate evolution, the basal ganglia (including the caudate-putamen, subthalamic nucleus, globus pallidus and nucleus accumbens) and associated limbic cortex emerged to serve in evaluating the importance of competing motivational goals and selecting the action to achieve the best outcome 5 . Decision-making depends on previous experience and current options 22 . Conversely, the selected action and the difference between predicted and actual outcome (prediction error) will influence future decisions 22 .
In his motivation-decision model of pain 23 , Fields states that in the context of interacting motivations (for example, pain or danger from a predator) a neural decision is made on the basis of the value that a response provides to the organism either in terms of homeostatic needs or potential risks and benefits (for example, responding to pain to expedite healing or suppressing pain to escape). Accordingly, the pain experience can be modulated in a bidirectional fashion to facilitate the execution of the selected action and inhibit conflicting motivations 23 . Because, in daily life, pain is suppressed or enhanced by factors such as threat, predicted reward, attention or distraction, the relationship between activation of nociceptors and the pain experience is not linear 24, 25 . Modulation of pain occurs from top-down, descending pathways that can inhibit or facilitate afferent nociceptive traffic to shape the pain experience. Disruption of these descending pain modulatory circuits to favor facilitation has been suggested as one possible mechanism of amplification that can promote chronic pain 26 . Chronic pain represents a constant demand for relief and can suppress other emotions, including natural rewards, potentially leading to anhedonia (for example, reward deficit state) and diminished quality of life 27 .
Relief of pain is rewarding. Pain research has conceptualized relief of pain as termination of negative affect and return to a normal (that is, neutral) state. Psychological investigations, however, suggest that satisfaction of an aversive state is rewarding and may be considered as one of the basic positive emotions 28 . Although the concept of pain relief as a reward has been observed in humans studies 29, 30 , it has only recently been demonstrated in animals [31] [32] [33] . Analogous to observations in humans, relief of ongoing injury-induced pain produces a positive affective state (reward from pain relief) that can be reliably demonstrated by assessment of motivated behavior in rodents 34 . Such pain relief-motivated behaviors can be captured using classically established models (for example, conditioned place preference (CPP) learning) and are accompanied by activity in brain reward/ motivational circuits 31 . Because of their fundamental role in survival, the basic brain circuits and mechanisms of reward, motivation and learning evolved early and are conserved across species 35 .
Brain neural systems for pain and motivation How human pain is encoded in the brain is not well understood. Until recently, such information could be deduced only indirectly from observations of patients with accidental brain lesions 36 . Neuroimaging techniques have revolutionized our understanding of brain areas engaged in pain perception and pain modulation and how these networks interact with reward/motivation circuits to shape behavior 37 . Brain areas most commonly activated during acute pain include the thalamus, the primary and secondary somatosensory cortices (S1, S2), insula and the anterior cingulate cortex (ACC) 38 . These regions receive direct afferent nociceptive information from the spinal cord, and their neuronal activity correlates with the intensity of nociceptive stimulation 14 . Additional cortical and subcortical regions, including reward/motivation circuits, integrate internal and external signals and encode signal valuation, action selection and learning. These corticolimbic regions are engaged during anticipation of pain or expectation of relief (such as in placebo-induced analgesia 39 ). Corticolimbic structures also serve in cognitive modulation of pain via opioid-sensitive descending endogenous (intrinsic) modulatory systems 14 .
Reward/motivation and decision circuits. Dopamine neurotransmission in the striatum and particularly in the nucleus accumbens (NAc) has long been recognized for its role in reward-motivated behavior. The NAc receives projections from dopaminergic neurons in the ventral tegmental area (VTA). Natural rewards, as well as rewarding drugs, activate these mesolimbic neurons and elicit dopamine release in the NAc. At the single-neuron level, mesolimbic and striatal neurons encode quantitative reward prediction error, which is important for learning and decisionmaking 40 . Reward-related information is also encoded in frontal lobe areas, specifically in the ACC, lateral orbitofrontal cortex (OFC), and ventromedial and anterior prefrontal cortices (PFC) 41, 42 . Notably, the ACC and other prefrontal structures receive direct inputs from mesolimbic dopaminergic neurons 43 . The ACC performs critical functions in learning both appetitive and aversive outcomes. The ACC encodes information about the reward value of a chosen action and is therefore particularly important in future action selection 22, 41 . Thus, differential reward coding in the NAc and cortical regions enables the integrated circuit to predict future outcomes on the basis of past and present experience and select an action necessary to achieve the desired goal 44 .
Pain and pain relief profoundly influence the activity of reward/ motivation and decision circuits 37 (Fig. 1) . Blood oxygen level-dependent (BOLD) functional magnetic resonance imaging (fMRI) activations within the reward/motivation network, including the OFC, NAc and VTA, are often observed following an acute noxious stimulus 45 . Positron emission tomography (PET) imaging with dopamine receptor radiotracers demonstrates increased dopaminergic neurotransmission in the NAc in response to noxious stimulation 46 . Moreover, these paininduced NAc dopaminergic activations have been linked to variations in the individual ratings of negative affect during pain 46 .
Role of the NAc in pain-motivated behavior. The NAc receives pain information via projections from subcortical and cortical regions engaged in pain processing that include the amygdala, PFC and ACC. Direct projections of spinal dorsal horn neurons to the NAc are found in rodents 47 . The NAc does not seem to encode pain sensory information, but rather signals affective value and saliency of the stimulus 40 . Noxious stimuli depress the majority of mesolimbic dopamine neurons (value-coding neurons), but increased activity is regularly observed in a subset of neurons (salience-coding neurons) 48 . In the striatum, aversive stimuli usually increase dopamine concentrations measured by in vivo microdialysis. Recent studies, however, demonstrate that aversive and reward prediction signals are differentially encoded by specific patterns of dopamine responses in subregions npg r e v i e w of the NAc 40 . Investigations of phasic (subsecond) dopamine transients in the striatum using fast scan voltammetry demonstrate that, in anesthetized rats, painful tail pinch triggers dopamine release in the dorsal striatum and NAc core during the stimulus, whereas in the NAc shell dopamine is released after the stimulus termination 49 . The time course of activity in the NAc shell is consistent with the concept of pain offset as a reward. In agreement with the cellular responses, the fMRI BOLD signals that represent some aspects of neuronal activity also show a negative signal valence in the NAc at the onset of a prolonged thermal stimulation (pain) and a positive signal valence at the stimulus offset (relief) 50 . The same pattern of responses was observed in both humans and rodents 32 , supporting the idea that the activity in the NAc represents an evolutionarily conserved mechanism encoding both positive and negative salient stimuli. In healthy subjects, NAc activation at the offset of acute thermal stimulus was found to predict the magnitude of pain relief reward 51 .
Role of the ACC in pain affect. The ACC receives nociceptive signals from the medial thalamus via the spinothalamic pathway. Numerous animal studies as well as human imaging support the role of the ACC in the evaluation of the aversiveness of pain 14, 52 . Electrophysiological recordings from the ACC in freely moving rats show long-lasting paininduced neuronal activity with wide bilateral receptive fields consistent with the role of these neurons in encoding pain unpleasantness 53 . Accordingly, microinjection of excitatory amino acids into the rostral ACC (Brodmann areas 24 and 32) of uninjured rats produces conditioned place aversion (CPA) without effects on sensory thresholds 52 . In contrast, lesion of the rostral ACC abolish pain-induced aversive behavior but do not change evoked pain responses 54, 55 . In humans, using hypnotic suggestions to alter pain unpleasantness while maintaining the intensity of the noxious stimulation, Rainville demonstrated activation of the ACC but not somatosensory cortex 56 . Pain aversiveness ratings, but not perceived intensity of a phasic thermal stimulus, can be selectively modulated by pleasant or unpleasant odors 57 . Reduced pain unpleasantness is associated with reduced ACC activity 57 . Importantly, the amount of pain reduction elicited by pleasant odor positively correlates with increased activity in the ventral striatum, implicating this region in analgesic (that is, pain relieving) effects of positive mood (that is, manipulation of pain affect).
Preclinical measures of pain affect
Chronic pain patients often suffer from allodynia: that is, pain resulting from normally innocuous stimuli such as touch or cold 58 . Much preclinical research has explored mechanisms promoting evoked hypersensitivity, laying the groundwork for the discovery of therapies to help such patients. More often, however, chronic pain patients experience ongoing (that is, stimulus-independent) pain and emotional suffering. At present, an individual's emotional component of pain cannot be objectively and quantitatively measured, although some investigations utilize surrogate physiological measures such as heart rate or skin conductance 59 . In humans, the emotional impact of pain is usually assessed by subjective and personal self-reports using standardized questionnaires. Assessment of analogous affective aspects of pain in nonverbal animals has been challenging. Several preclinical approaches have been employed for this purpose, including vocalization after discharge in rats following electrical tail shock 60 and evaluation of facial grimace that detects pain affect of short and intermediate, but not longer, duration 61 . Recently, operant measures have been developed that use pain-motivated behavior to capture affective features of pain in animals.
Measures of pain-motivated behavior. Operant measures are based on the principle that animals have a strong motivation to maintain a homeostasis. This motivation facilitates learning to avoid situations and contexts associated with pain or injury (avoidance/escape behavior) and to achieve pain relief (approach behavior). In operant assays, animals learn to perform a behavior (for example, choose a preferred place or press a lever) to achieve the desired goal. Recent efforts have advanced methods that allow the assessment of rodent motivated behavior resulting from evoked pain stimuli or from ongoing (non-evoked, spontaneous) pain ( Table 1) .
Operant measures of evoked pain. Place escape/avoidance paradigms (PEAP) allow simultaneous measurements of sensory and affective responses to evoked tactile or thermal stimulation. These assays are based on conflict involving a choice between a compartment where the animal receives noxious stimulation and escape to a usually not favored (for example, illuminated) compartment or platform 62, 63 . A modified protocol, the orofacial pain assessment device (OPAD) 64 , uses a reward/pain conflict, where the animal is required to choose between receiving a rewarding drink by pressing its face into a temperaturecontrolled thermode or avoiding painful contact with the thermode and forgoing the reward. These assays are able to evaluate complex pain npg r e v i e w behavior in response to evoked stimulation and explore the effects of sustained inflammatory or neuropathic pain and drug treatments.
Operant measures of ongoing pain. Drug self-administration 65, 66 and CPP 34, 67 allow evaluation of the affective aspects of ongoing pain. These assays are based on the motivation of animals with ongoing pain to obtain relief by either self-administration of an analgesic drug or demonstrating preference for a context that is associated with pain relief. In humans and animals, intrathecal administration of the α 2 -adrenergic agonist clonidine produces effective analgesia. Rats with experimental neuropathic pain will self-administer intrathecal clonidine while uninjured rats will not 65 . This observation establishes that a nonaddictive drug given at a site in the neuraxis separate from the reward system can produce motivated behavior, suggesting a primary goal of alleviation of ongoing pain.
Conditioned place preference. Historically, CPP has been used to assess rewarding effects of addictive drugs, but it has recently been applied to study reward from pain relief 34, 68 (Box 1 and Fig. 2) . The CPP assay allows evaluation of (i) the time-dependent nature of ongoing pain in rodent pain models, (ii) the neural mechanisms underlying pain relief-motivated behavior and (iii) the efficacy of molecular targets for relieving ongoing pain 67 . Studies in rats demonstrate that relief of ongoing pain, regardless of the injury model, produces CPP. For example, in a rat model of postsurgical pain, incision of the hindpaw elicited thermal hyperalgesia and guarding behavior that was observed on day 1 and 4 after surgery 31 . Peripheral nerve blockade with popliteal fossa lidocaine alleviated thermal hyperalgesia at day 1 and 4 after incision. In contrast, peripheral nerve blockade produced CPP only at day 1 and not at day 4 ( Fig. 2) , indicating that in time-dependent pain conditions, such as postsurgical injury, evoked and ongoing pain may have different time dependencies 31 . Similarly, in rats with neuropathic pain but not sham-treated rats, CPP was demonstrated following treatments that block evoked hypersensitivity, including intrathecal clonidine, N-type calcium channel blockers or inactivation of descending pain facilitation pathways by administration of local anesthetic within the rostral ventromedial medulla (RVM) 34, 69 . Importantly, lesions of the ACC abolish pain relief-induced CPP without disruption of learning 69 , supporting the link between pain aversiveness and motivated behavior. In addition to experimental neuropathic and incisional pain, CPP to pain-relieving treatments has been demonstrated in other experimental pain conditions, including ongoing inflammatory, osteoarthritic and cephalic pain [69] [70] [71] [72] [73] [74] [75] . Importantly, CPP has been demonstrated in injured rats following pain-relieving treatments that do not produce preference in uninjured animals. Thus, analgesic treatments including peripheral nerve block, intrathecal administration of ω-conotoxin or clonidine, or RVM lidocaine may become rewarding in the presence of ongoing pain 31, 34, 67, 72, 74 . This conclusion is consistent with the concept of negative reinforcement elicited by relief of an aversive state. Conversely, positive reinforcing properties of some analgesics including opiates or antidepressants can represent a limitation of the use of CPP to evaluate their antiaversive effects, as the intrinsically rewarding effects of such drugs cannot easily be dissociated from antiaversive effects. An additional concern that must be controlled for is the potential influence of drugs on the animal's ability to learn.
Activation of reward circuits by pain relief.
A potential relationship between motivated behavior following relief of ongoing pain (CPP) and the activity of dopaminergic mesolimbic circuits was recently investigated in rats 31 (Fig. 3) . The study demonstrated that the same treatment with peripheral nerve blockade that relieves ongoing postsurgical pain and produces CPP also activates the mesolimbic dopaminergic circuit and stimulates efflux of dopamine in the NAc shell. Furthermore, inhibition of dopaminergic neurons in the VTA or blockade of dopamine signaling in the NAc prevents pain relief-induced CPP, providing direct evidence for a causal relationship between activation of the mesostriatal reward circuit and pain-motivated behavior. Activation of dopaminergic neurotransmission in the NAc by pain relief was also investigated in a rat model of cephalic pain 72 . Treatments effective at alleviating headache in humans, including sumatriptan or a CGRP receptor antagonist, CGRP , elicited CPP and dopamine efflux in the NAc only in rats with presumed cephalic pain. Thus the activity in the reward/motivation circuit reflects motivated behavior to seek relief of pain and may therefore represent an output measure (that is, a 'biomarker') of analgesic efficacy 76 .
Modulation of pain and reward/motivation pathways Many psychological and cognitive factors, including attention, emotion, expectations and prior experience, influence the experience of pain. The presence of persistent pain alters motivated behavior and decision-making and could modify the way patients perceive acute pain stimulation 51 . The transition of acute pain into a chronic, maladaptive state is characterized in some patients by abnormal anatomical and functional modifications of brain networks, including those mediating affective/motivational aspects of pain. Therefore, behavior is affected by both competing motivations and long-term neurological adaptations via modulation of reward/motivation circuits.
Emotional and cognitive control of pain and motivation. The psychological and emotional state of an individual can have a powerful impact on pain perception (see refs. 14,77 for review). Further, humans continually create predictions about future (expected) pain or relief, and these expectations influence the actual pain or analgesia we experience. For example, positive treatment expectancy produces heightened analgesia (placebo analgesia) 78 while negative expectancy may exaggerate pain (nocebo) 79 . Thus, painful stimuli are interpreted on the basis of previous experiences, importance in the current 80 . Animal research supports the notion that these mechanisms comprise descending projections from the prefrontal regions (including the ACC) to the periaqueductal gray area (PAG) and ultimately outflow from the RVM to modulate the nociceptive signal at the spinal cord level 26, 81 . These top-down modulatory pathways can either inhibit or facilitate afferent pain transmission. Supporting the engagement of the descending modulatory mechanisms, placebo manipulations have shown increased neuronal responses in cortical regions (for example, dorsolateral PFC, OFC, ACC) and in the PAG during anticipation of reduced pain 39, 82 . PET studies of placebo analgesia using specific opioid radiotracers demonstrate increased opioid activity in similar brain regions, consistent with the involvement of endogenous opioid neurotransmission in the descending pain pathway 83 . Thus, psychological factors can cause neurobiological changes in pain pathways at the spinal and supraspinal levels to alter pain experience.
PET imaging has identified increased placebo-induced opioid and dopamine neurotransmission in the basal ganglia, particularly in the NAc 84, 85 . During placebo analgesia opioid and dopamine activity in the NAc correlates with reduced pain scores and with improvement in the Positive and Negative Affectivity Scale (PANAS) ratings 83 . Variations in placebo-induced activity in the NAc between subjects have been linked to differences in the subjects' reward responding 84 . As in placebo analgesia, the ventral striatum and descending mechanisms involving the anterior cingulate and prefrontal cortices and the PAG are also engaged during emotional pain modulation 25, 57 . The magnitude of the BOLD fMRI responses to noxious stimuli in the reward circuits predicts subsequent opioid-induced analgesia 45 , providing further support for the role of central endogenous opioid mechanisms in pain modulation. Notably, pain modulation may not require a change in perception but may occur during reappraisal in later phases of the pain experience. Wager and colleagues 86 recently demonstrated that the prefrontal cortex communicates with subcortical regions that include the NAc and amygdala to mediate cognitive reappraisal of emotional experiences. These findings indicate that emotional and cognitive factors can alter pain perception, in part by modulating afferent nociceptive signaling via descending pathways and in part by re-evaluating pain unpleasantness within cognitive and affective circuits.
Motivational circuits during tonic pain.
Most human neuroimaging studies have investigated the effects of acute noxious stimuli (phasic pain) typically involving cutaneous heat, cold, electric shock, ischemia or visceral distention. Clinical pain, however, is functionally and neuroanatomically distinct from phasic nociceptive pain 38 . Clinical conditions are characterized by prolonged ongoing pain (that is, non-evoked pain at rest) and evoked hypersensitivity (that is, allodynia and hyperalgesia) that may be caused by peripheral or central sensitization 12 . A meta-analysis comparing fMRI studies using various experimental and clinical pain protocols, including thermal and mechanical stimulation, allodynia and hyperalgesia, or clinical pain in patients suggests many similarities but also differences in neuronal representations related to different types of acute, tonic and chronic pain 87 . Although different noxious stimuli activate similar pain-related regions, the precise spatial loci within the brain regions may differ (see ref. 38 
for review).
Differential engagement of motivational circuits has been observed between phasic and tonic pain, consistent with their different affective and motivational functions (namely, arousal of defensive behavior associated with phasic pain and avoidance and protective behavior associated with chronic pain). Studies in rodents 88 suggest a key role of the NAc in the mediation of pain and analgesia during persistent pain. Investigations of brain activity related to tonic pain in humans have used capsaicin to elicit cutaneous allodynia and hyperalgesia [89] [90] [91] . Lorentz 89 evaluated the effects of heat stimulation of normal and capsaicin-sensitized skin and found that, at matching pain intensities, heat allodynia produced greater unpleasantness than normal pain and was represented by distinct brain activations. The findings of a distinct activity in prefrontal cortex and ventral striatum during tonic pain may reflect adaptations of motivational and cognitive functions in the context of tissue injury 89 . Seymour and colleagues investigated the neural coding of reward-guided decision making and learning in the presence of capsaicin-induced tonic pain 91 and found different coding of prediction errors during tonic pain, involving opposing engagement of aversive and appetitive motivational networks.
Box 1 Conditioned place preference procedure CPP can be used to unmask the presence of pain and to screen mechanisms that can elicit relief. CPP can be performed with either multitrial or a single-trial conditioning protocols, as previously described 34, 67 . CPP boxes contain two conditioning chambers distinguished by visual and sensory cues that are connected by a middle (neutral) chamber. Rats are conditioned to associate vehicle treatment with one of the chambers and drug treatment with the opposite pairing chamber. On test day, rats are placed in the CPP box with access to all chambers and time spent in each chamber is recorded and analyzed for chamber preference. On the test day animals are placed in the chambers drug free; therefore, any possible motor or sedative effects of the drug do not affect chamber preference. The difference score, calculated as increased time spent in the drug-paired chamber on test day compared to the day before conditioning, indicates preference for the drug treatment. Single-trial protocols are appropriate when the treatments employed produce rapid change in pain affect (for example, peripheral nerve block, intrathecal clonidine, RVM lidocaine, electrical stimulation of motor cortex) 67, 72, 74 . The effects of slow-acting drugs can be revealed if the drug is given as a pretreatment that may produce relief of the pain-induced aversive state and prevent CPP to a rapidly acting pain reliever. The tonic long-lasting motivational burden could result in timedependent adaptations leading to chronification 92 . The impact of chronic pain on functional, anatomical or molecular changes in the brain was investigated in patients across many conditions, including chronic back pain, neuropathic pain, fibromyalgia, irritable bowel syndrome, headache, complex regional pain syndrome and osteoarthritis, and in rats with experimental neuropathic pain 93 . These investigations identified extensive changes in gray matter 94, 95 , abnormalities in the white matter connectivity 95 , and neurochemical modifications in glutamate, opioid and dopamine neurotransmission 96, 97 (see refs. 8,15 for review). Recent reports demonstrate that the cortical changes may be reversed when pain is relieved, suggesting that some brain abnormalities may indeed develop as a consequence of ongoing nociceptive input 98, 99 . This conclusion is supported by a longitudinal study in rats with experimental neuropathic pain revealing decreased frontal cortex volume that develops several months after the injury and coincides with the onset of anxiety-like behavior 93 . In contrast, other neuroanatomical and functional modifications of the brain circuits may represent genetic or epigenetic predispositions, conferring enhanced vulnerability for development of chronic pain 10, 11 . Many of the brain changes observed in patients involve affective and motivational circuits 95 . Apkarian and colleagues 51 investigated the motivational aspects of pain in chronic conditions and observed that NAc responses at the offset of an acute thermal stimulation differ between healthy volunteers and patients with chronic back pain. In healthy subjects, a positive phasic NAc signal reflected prediction of reward associated with pain relief, while in patients a negative signal was consistent with punishment, as the patients turned attention to their ongoing chronic pain. Indeed, the magnitude of NAc activity at the stimulus offset positively correlated with the subject's ratings of ongoing back pain. These findings suggest that the motivational value of acute pain may be distorted in chronic pain states. Further, patients demonstrate strengthening of functional connectivity between NAc and PFC that correlates with the magnitude of the individual's ongoing pain and predicts transition to chronic pain 100 . This was interpreted as a shift in pain perception from sensory to emotional brain regions 51 . Therefore, anatomical and functional changes in reward/ motivation circuits in chronic pain may lead to the comorbid affective and cognitive disorders observed in these patients 101 .
Implications for drug discovery Since the isolation of morphine in 1804 and synthesis of aspirin in 1899, opioids and nonsteroidal anti-inflammatory drugs (NSAIDs) remain the first-line classes of analgesics. While these drugs are effective in many patients, they are also associated with potentially serious side effects and societal problems. More than 100,000 patients are hospitalized annually for NSAID-related gastrointestinal complications, and about 16,500 NSAID-related deaths occur each year among arthritis patients alone 102 . Prescription opioid abuse is the fastest growing drug problem in the United States, resulting in approximately 12,000 unintentional medication overdose deaths in 2007 (Center for Disease Control and Prevention, Morbidity and Mortality Weekly Report, 61 (01), 10-13; 2012) . Preclinical research has identified new disease mechanisms and analgesic targets; however, few new pain therapies have been introduced for treatments to patients. Many obstacles can be identified in the translation of efficacy from preclinical studies in animal pain models to successful clinical trials in pain patients. One impediment has been the difficulty in capturing affective dimensions of pain. Increased understanding of the role of reward/motivational circuits in pain could expedite analgesic drug discovery.
Measures of affective/motivational aspects of pain and pain relief in animals could improve translation to human pain conditions. In humans, pain is often accompanied by physical or psychological impairments that may result in disability and alter motivations. Reflexive pain measures in rodents do not sufficiently capture these aspects of pain. In contrast, assessment of pain-motivated behavior depends on the affective dimensions of ongoing pain and may better reflect some features of clinical pain. Studies in rat pain models show that relief of ongoing pain with treatments validated to produce analgesia in patients elicits CPP 67 . Notably, treatments shown ineffective for ongoing pain in humans do not produce CPP in animal pain models. The findings so far suggest that in injured rats CPP to treatments used in humans faithfully reflects clinically validated outcomes.
Brain activity in the reward/motivation circuit could be an objective neurochemical measure of analgesic efficacy. It has been suggested that fMRI techniques may be able to objectively measure relevant mechanisms subserving the experience of chronic pain in patients. Building on machine learning analyses, Wager and colleagues developed an fMRI-based measure to identify a pattern of activity ('neural pain signature') that is sensitive and specific to acute thermal pain in healthy subjects 103 . Whether a similar approach can be extended to clinical pain in patients is not yet clear. Work by Apkarian and others suggests that specific chronic pain conditions are associated . In incised rats at 1 day after surgery, CPP to peripheral nerve blockade (Fig. 1) was prevented by inactivation of dopaminergic neurons in the VTA with the GABA B receptor agonist baclofen (top right). Inhibition of dopamine neurotransmission in the NAc by the dopamine receptor antagonist flupenthixol also prevented CPP in rats 1 d after incision surgery (bottom right) 31 npg r e v i e w with distinct patterns of brain reorganization 15 . These maladaptations develop over time, but changes in functional connectivity can be detected early and, remarkably, can predict progression from acute to chronic pain 13 . It is plausible that by measuring individual brain activation responses in cortico-limbic structures, neuroimaging may be able to evaluate analgesic effects of treatments in individual patients, as has been shown in healthy controls 45 . In rat pain models, responses in dopaminergic reward/motivational circuits to pain relief have been shown to correlate with behavioral measures. Specifically, dopamine release in the NAc was observed only after treatments that also elicited CPP in the same animal pain model 31, 72 . Therefore, in animal pain models, dopamine efflux in the NAc may be an objective and quantifiable output measure (biomarker) of pain relief reward that reflects analgesic efficacy 76 . However, increased mesolimbic dopaminergic neurotransmission can be elicited by natural rewards and by rewarding drugs, resulting in activation of apparently the same circuitry irrespective of the pain state. Thus, pain relief reward specificity must be demonstrated by the lack of treatment effect in uninjured animals.
Targeting of reward/motivational circuits could relieve intractable chronic pain. Given the role of the aversive and motivational networks in pain, direct manipulation of the activity within these regions may offer pain relief. Some patients with intolerable pain achieve relief following lesions of the cingulate cortex 36, 104, 105 . These patients experience diminished pain-related unpleasantness but are still able to discriminate intensity and location of a noxious stimulus. Notably, in rats with neuropathic pain, lesion of the rostral ACC eliminates pain-induced aversiveness without reducing evoked hypersensitivity 69 . Recently, less invasive neuromodulatory techniques to target the ACC for pain management have been employed. For example, pain relief can be achieved in selected patients with transcranial magnetic stimulation (TMS) or deep brain stimulation (DBS) of the ACC 106 . An attractive technique demonstrating potential for pain management uses real-time fMRI with feedback to train patients to control activation of their ACC and modulate their own pain 107 . Although the methods for selective modulation of a specific brain region are still used rarely, they highlight the benefits of this approach and hold promise for future pain management.
Could pain-induced neural adaptations in reward/motivational circuits be reversed? Increasing evidence shows pain-induced reorganization of the reward/motivational circuitry 13 and contributions to the transition from acute to chronic pain 93, 108 One prominent observation is the apparent shrinkage of cortical volume in patients with chronic pain 94, 95 . Whether pain-induced changes in cortical volume reflect neuronal loss is unknown, but these changes appear to be time related and reversible 88, 89 . These observations suggest that pain-induced reorganization in reward/motivational circuits may also be reversible, or perhaps preventable. Pharmacological or other interventions could (i) prevent the anatomical and functional reorganization of brain circuits to protect the patient against the development of comorbid affective and cognitive impairments or delay the trajectory for their development and (ii) reverse pain-induced neural maladaptations in these circuits to restore function.
Conclusion
Affective/emotional features of pain are of fundamental importance to patients. It is recognized that understanding how pain aversiveness and its relief occur in the brain deserves increased attention in both preclinical and clinical arenas. In animal models of pain, behavioral measures that capture affective and motivational aspects of pain appear to accurately reflect the effectiveness of treatments that are useful clinically (bedside to bench translation). Neuroimaging studies in humans, and recently also in animals, have identified evolutionarily conserved neural mechanisms and brain networks comprising reward/motivational mesocorticolimbic circuits that are modulated by clinically useful treatments. These observations suggest that evaluation of activity within this circuitry in response to pain relief may provide an objective measure (biomarker) of analgesic efficacy in animals that may improve predictive success for target relevance in humans (bench to bedside translation).
Chronic pain is frequently associated with affective and cognitive impairments, such as anxiety, depression, anhedonia and learning deficits. Whether the anatomical and functional reorganization of brain reward/motivation circuits that may underlie pain-related comorbidities correlates with pain chronicity is not yet clear. However, targeting these circuits not only might provide new therapies for symptomatic management of pain but also could alter the trajectory of outcomes related to chronic pain. Pain-induced maladaptations of reward/motivation circuits may be reversible with therapy, raising the possibility of recovery from chronic pain and restoration of normal affective/emotional and cognitive function. Finally, preemptive treatments could prevent anatomical and functional reorganization of brain reward/motivation circuits to inhibit the progression from acute to chronic pain, as well as associated comorbidities.
